Investigation of solidification of thin walled ductile cast iron has been performed based on experiments and numerical simulation. The experiments were based on temperature measurement and microstructure examination. Both hyper-and neareutectic alloys have been investigated with plate thicknesses of 2.8, 4.3 and 8 mm.
Introduction
In order to save weight e.g. in cars there is an increased interest in casting of thin wall ductile iron. Ductile iron is a Fe-Si-C alloy where C precipitates as graphite spheres, also called nodules. The solidification of ductile iron is complicated, involving nucleation and growth of two different phases. The growth of graphite nodules is thought to be governed by diffusion of C through an austenite shell. Numerical simulation of solidification of ductile iron is therefore normally based on a model where the graphite nodules and austenite shells are growing as two concentric spheres. However experiments have shown that austenite dendrites play an important role in the solidification of ductile iron, even in hypereutectic iron [1] [2] [3] [4] . Lesoult et al . have developed a model, which takes into account the presence of off-eutectic austenite or austenite dendrites during solidification [5] . The aim of this paper is to couple experimental results with numerical simulation.
Experiment

Procedure
Four different castings were produced from near eutectic and hypereutectic melts. Ductile cast iron was produced in batches of 90 kg. The chemical analyses of the castings are shown in Table 1 . The melt was superheated to 1520°C before being poured into a preheated ladle for magnesium treatment with a Fe-Si-Mg alloy using a tundish sandwich method. The melt for each mould was then poured into a small insulated fiber cup where it was inoculated with 0,1-0,2% Fe-Si alloy before it was poured into the mould. The temperature was measured in the fiber cup with an S-type thermocouple. The moulds were made of chemically bonded sand (Resol-CO 2 ). The casting layout shown in Fig. 1 had plates with thicknesses of 8, 4.3 and 2.8 mm and a feeder with a thickness of 16 mm. The temperature was measured in the middle of each plate using K-type thermocouples with a 0,2 mm wire. The sample rate for temperature measurement was 500 Hz and every 100 values were averaged to reduce noise giving a time increment of 0.2 second.
Characterization of graphite morphology and matrix microstructure was performed on cross sections of the plates close to the thermocouples. Graphite morphology was characterized using image analysis. The two dimensional spatial size distribution of nodules was converted to a three dimensional size distribution by Schwarts-Saltykov analysis [6] . Nodules below 5 μm were neglected in the counts. The samples were etched in a 3% nital solution to reveal ferrite, pearlite and carbides.
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To reveal segregation of Si a color etching, Klemm I [7] , was used on casting E. The etching time was about 2 minutes. Low silicon zones will have a blue color while high silicon zones will have a pale color.
Results
Cooling curves: Examples of measured cooling curves and corresponding dT/dt curves are shown in Fig 2 -5 , and the measured temperatures are shown in Table 2 . In all castings there were recalescence, ΔT rec = T max -T min , during the solidification.
Concerning ΔT rec there is a major difference between the hypereutectic and eutectic melts. ΔT rec is less than 5°C for the hypereutectic melt (melt E and H) while it is larger for the eutectic melts, about 15-20°C. The plate thickness has only a minor influence on ΔT rec . However looking at the dT/dt curve there is a major difference between the thicker and thinner plates. The thin plates (2.8 and 4.3mm) have a local maximum, T 12 , on the dT/dt before the T min temperature. This effect is more pronounced in the hypereutectic than in the eutectic melt. For some of the hypereutectic 4.3 mm plates there was even a small recalescence at that place, so there actually were two nucleation events that caused recalescences in these plates. This T 12 was not present on the cooling curves for any of the 8 mm plates.
Microstructure: The number of nodules pr volume, N, are presented in Table 2 . The nodule count is very similar for the eutectic and hypereutectic melts. There is however a difference in the size distribution of the nodules, see Fig. 6 . The hypereutectic melts have a bimodal size distribution where most of the nodules are distributed similar to those in the eutectic alloy, combined with a small fraction of large nodules. This effect is only clear in the thinner plates and not in the 8 mm plates. The presence of a group of larger nodules in the hypereutectic melts indicates that they there have nucleated before the eutectic part of the solidification and by that had longer time to grow. The main part of the nodules have nucleated during the eutectic part of the solidification.
In some of the 4.3 mm plates there were a few centerline carbides, probably because of segregation of Si during solidification. The 2.8 mm plate in casting F had some carbides, otherwise the castings solidified without carbides.
The color etching on casting E revealed dendrites with length up to 1 mm in the 4.3 and 2.8 mm plates. In the 8mm plate only few shorter dendrites have been observed. The presence of dendrites seems to be more pronounced in the thinner plates than in the thicker plates.
Numerical modeling
The 1-D numerical simulation is based on the solidification model presented by Lesoult, Castro and Lacaze [5, 8] . The model assumes that during the eutectic 
where N is number of graphite nodules, ΔT Table 3 .
Discussion
In the thin plates the first peak on the measured dT/dt curve ( Fig. 2 and 3 ) can only be explained by nucleation and growth of austenite. If it was an arrest of primary graphite it should only be present in the hypereutectic plate and it should be present in the thicker plates, Fig. 4 . However this is not the case.
The simulated dT/dt curves all have a peak corresponding to what is seen on the measured dT/dt curve in the thin plates. This peak arises from the start of growth of offeutectic austenite when the solidification path reaches the austenite liquidus of the metastable extrapolation of it. In the model the undercooling for nucleation of austenite is neglected and therefore the peak on the simulated dT/dt curve is rather sharp compared to that on the measured dT/dt curve.
Post-print of article in Materials Science an Engineering A 413-414 (2005) 358-362
In the thicker plates (see Fig. 4 and 5) this first peak is not present on the measured dT/dt curve. This can be explained by that the nucleation of off-eutectic austenite and the arrest of the eutectic solidification contribute to the same peak of the measured dT/dt curve. This also explains the relatively large peak on the measured dT/dt curve, which is not present on the simulated dT/dt curve.
For the hypereutectic melt the presence of primary graphite nodules makes nucleation of austenite easy when the solidification path reaches the extrapolation of the austenite liquidus. This will not be the case in eutectic melt and higher undercooling will properly be required to nucleate austenite. For hypoeutectic alloys at relatively slow cooling rate (5-20°C/min) undercooling of 12-17°C have been reported for the nucleation of austenite [10] . This explains the higher undercooling in the eutectic melts compared to the hypereutectic ones. The large undercooling required for nucleation of the two phases, austenite and graphite, will also give a large driving force for the following growth of the phases. Therefore the eutectic melts will have a higher recalescence during solidification compared to the hypereutectic melts. The fact that nucleation of austenite is neglected in the numerical model has therefore a larger consequence for eutectic melts compared to hypereutectic ones because of different conditions for nucleation of austenite.
Regarding the amount of off-eutectic austenite, the numerical results shows that it will be present in both eutectic and hypereutectic melt. The eutectic melt will have more off-eutectic austenite compared to hypereutectic. Decreasing the plate thickness will increase the amount of off-eutectic austenite.
The calculated nodule count for the different plate thicknesses is very similar to nodule count in the experiments. The measured and simulated dT/dt curves fits well.
The simulated temperature is higher compared to the temperature measured in the experiments. However when measuring temperature with a thermocouple in castings, the presence of a thermocouple will affect the local solidification process, especially in thin wall castings. Simulation of temperature measurement in thin wall casting using a commercial 3-D simulation software shows that the shape of the measured temperature curve is correct but the measured temperature will be 15-20°C below the actual temperature in the plates during solidification [11] . In addition to that the simulated curves will be shifted down if some undercooling was allowed for nucleation of austenite.
Conclusion
The eutectic melts had larger undercooling and recalescence compared to the hypereutectic melts. The plate thicknesses from 2.8 to 8 mm had only a minor influence on the recalescence.
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Austenite dendrites where present in the hypereutectic melts. The effect was more pronounced in thinner plates than in the thicker plates.
In the plates thinner than 4.3 mm, the solidification was divided into two stages. The first stage was small and can be explained by nucleation and growth of off-eutectic austenite or austenite dendrites. In the 8 mm plates the solidification had only one major stage.
The effect in thin plates of dividing the solidification into two stages was confirmed by the numerical simulation.
The simulated results show much smaller undercooling than the measured experimentally; however the cooling rates match well the experimental ones.
An improvement regarding nucleation of austenite needs to be done in order to improve simulations of especially the eutectic melts.
Details for the numerical modeling, see [5] and [8] . In this paper the selected physical properties were: Density: ρ l = 6800 kg m 
